Introduction Parenteral OKT3 is used to treat transplant rejection and a humanized anti-CD3 Mab has shown positive clinical effects in new onset diabetes. Oral administration of anti-CD3 has not been tested in humans, but suppresses autoimmunity in animal models. Beta-glucosylceramide enhances NKT cell and regulatory T cell activity and enhances the effects of oral anti-CD3 in animals. Materials and methods Fifteen healthy volunteers (three per group) received orally administered OKT3 over a dose range of 0.2 to 5.0 mg daily with or without betaglucosylceramide 7.5 mg for 5 days. Safety and immune parameters were measured on days 5, 10, and 30. Results and discussion Oral OKT3 enhanced T cell proliferation, suppressed Th1 and Th17 responses by 43% and 41%, respectively, increased TGF-β/IL-10 expression and decreased IL-23/IL-6 expression by dendritic cells, and affected the IgG repertoire as measured by antigen arrays. Co-administration of oral beta-glucosylceramide induced similar effects. No side effects were observed and no subjects developed human anti-mouse antibodies. Conclusion These findings demonstrate that oral anti-CD3 monoclonal antibody is safe and biologically active in humans and presents a new avenue for the treatment of autoimmune diseases.
Introduction
Parenteral administration of CD3-specific antibody induces an immunomodulatory effect in animal models of autoimmunity [1] as well as in humans with autoimmune diabetes [2, 3] . In addition, murine anti-CD3 monoclonal antibody (OKT3) is approved therapy for acute transplant rejection, although side effects, some of which can be severe, and the development of HAMA, limit its chronic use [4] .
We have shown in animal models that oral administration of anti-CD3 monoclonal antibody is biologically active and suppresses animal models of autoimmunity including EAE, and autoimmune diabetes [5, 6] . Nasal and oral anti-CD3 is effective in suppressing animal models of lupus erythematosus [7, 8] . In mice, oral anti-CD3 antibody is rapidly taken up by gut-associated lymphoid tissue (GALT) and induces CD4+CD25-LAP+ regulatory T cells in the mesenteric lymph nodes that function to suppress EAE and Electronic supplementary material The online version of this article (doi:10.1007/s10875-009-9323-7) contains supplementary material, which is available to authorized users. diabetes in a TGF-β dependent fashion [5, 6] . A dosedependent effect of oral anti-CD3 was observed in animals with suppressive effects best seen at intermediate doses.
Beta-glycosphingolipids are naturally occurring glycolipids which are metabolic intermediates in the anabolic and catabolic pathways of glycosphingolipids [9] . Administering beta-glucosylceramide (GC) exerts NKT-and Tregdependent immune regulation in ConA-mediated hepatitis, colitis, and models of insulin resistance [10] [11] [12] [13] [14] .We have found that beta-glucosylceramide given orally enhances the effect of oral anti-CD3 in some animal models (unpublished) . Based on these findings, we investigated the safety of oral anti-CD3 in healthy human volunteers and whether oral anti-CD3 induced measurable immunologic effects in peripheral blood tested over a dose range of 0.2 mg, 1.0 mg, and 5.0 mg. We also investigated the effect of coadministration of beta-glucosylceramide.
Methods
Patient population Healthy males (≥18 years) not on therapy for medical or other illnesses were enrolled in accordance with the guidelines of the Hebrew UniversityHadassah Institutional Committee for Human Clinical Trials, and the approval of the Israel Ministry of Health Committee for Human Trials. Of 35 potential study subjects screened, 18 met inclusion and exclusion criteria and were randomized to one of the six treatment groups.
OKT3 and β-Glucosylceramide OKT3 (Orthoclone OKT-3) was purchased from Ortho Biotech Inc. (New Jersey, USA) and GC from Avanti Polar Lipids, Inc., Alabaster, Alabama, USA.
Drug administration Nine subjects (three per group) received 0.2 mg, 1.0 mg or 5.0 mg of oral OKT3 daily for 5 days. Six subjects (three per group) received 7.5 mg of beta-glucosylceramide in combination with 0.2 mg or 1.0 mg of OKT3 and three subjects received GC alone. Immune parameters were measured on days 5, 10, and 30 ( Fig. 1) . All subjects were treated with 20 mg of omeprazole (a proton pump inhibitor) during the 5 days of dosing. Dosing occurred in the morning before breakfast at the study site following an 8-h fast. We administered a proton pump inhibitor to protect the antibody from the acidic environment of the gut.
Clinical and laboratory follow-up All patients underwent a full medical history and physical examination, including review of adverse effects on days 1, 5, 10, and 30, along with complete blood counts, differential, electrolytes, liver and kidney function tests, lipid profile, C-reactive protein, and sedimentation rates. Antibodies to OKT3 were evaluated on day 30 using the human anti-mouse antibodies (HAMA)-ELISA kit (MEDAC, Hamburg, Germany)
Immune Assays 1. Standardization of assays in untreated subjects: for the purpose of standardization, and in order to establish that immune changes we observed were related to treatment with oral anti-CD3 and not related to fluctuations in the assays, we performed the same assays that were used to measure immune function in treated subjects in untreated healthy controls longitudinally on days 0, 5, and 10. We observed no changes in any of the immune assays over the three time points measured, thus allowing us to ascribe immune changes observed in subjects given oral anti-CD3 as being related to treatment. An example for proliferation, 17 production and cell surface staining is shown in Fig. 2 . 2. Antibodies and reagents: CD16/CD32-specific (FcBlock); FITC, PE, or APC-conjugated CD4-specific (L3T4); and, PE-conjugated CD25-specific (PC61) were purchased from BD PharMingen (San Jose, CA, USA). Affinity-purified biotinylated goat anti-LAP specific polyclonal antibody was purchased from R&D Systems (Minneapolis, MN, USA), and strepavidin-APC was used as secondary reagent for detecting the biotinylated primary antibody (R&D). frozen PBMCs were used for sorting dendritic cells and for surface staining. Cell sorting was performed by thawing 20×10 6 PBMCs at room temperature (RT) and washing them twice in medium at RT in 50-ml tubes in a 10-ml volume at 1,400 rpm. Cells were suspended to 20×10 6 /ml and stained with seven colors using Fc block, Lin-FITC, CD11c-APC, CD123-PE, CD3-Amcyan, CD4-Alexa700, CD25-Pacific Blue, and 7-AAD. Myeloid DCs were sorted on a FACS Aria (BD Biosciences), put in 350 μl of RLT (lysis buffer), and frozen at −70°C in Eppendorff microtubes.
For surface staining, freshly isolated PBMCs were suspended at 8-10×10
6 cells/ml. Surface two to three color staining of cells were done with the following surface antibodies: CD4-FITC/CD25-PE, CD8-FITC/CD25-PE, CD3-APC/CD69-PE,CD11c-APC/Lin-FITC/CD86-PE, CD11c-APC/Lin-FITC/CD83-PE,CD11c-APC/Lin-FITC/ HLAdr-PE. For LAP staining cells were preincubated with rLAP/control antibody for 20 min, and stained with CD4-FITC and CD25-PE or CD8-FITC. For Foxp3 surface staining, surface two-color staining of cells using CD4-FITC and CD25-PE was performed, followed by intracellular staining with IC/Foxp3-Alexa 647-APC or with CTLA4-APC. Immune measures in untreated subjects. For the purpose of standardization, and in order to establish that immune changes we observed were related to treatment with oral anti-CD3 and not related to fluctuations in the assays, we performed the same assays that were used to measure immune function in treated subjects in untreated healthy controls longitudinally days 0, 5, and 10. Proliferation, examples of cytokine production and cell surface staining are shown. No significant changes were observed RNA easy Mini Kit (Qiagen). RNAwas stored at −80°C. First-strand cDNA synthesis was performed for each RNA sample from 0.5-1 μg of total RNA using Taqman reverse transcription reagents (Applied Biosystems). cDNA was amplified using sequence-specific primers (for IL-23, IL-10, IL-6, and TGF-β) and real-time PCR mix (Applied Biosystems) on an ABI7500 cycler. The GAPDH gene was used as an endogenous control to normalize for differences in the amount of total RNA in each sample. All values were expressed as fold-increase or -decrease relative to the expression of GAPDH. 6. Antigen arrays: a panel of self and non-self proteins, peptides and lipids were spotted onto Epoxi slides (TeleChem, CA, USA) as described [15] , a complete list of the antigens included in the arrays is provided in supplementary Table 1 . Since several of the selfantigens included in our antigen microarrays are targeted by natural antibodies [16, 17] , we could detect both the up-and down-regulation of preexisting IgG and IgM reactivities. Sera from OKT3-treated subjects were assayed at a 1/10 dilution and the IgG or IgM reactivities displaying significant changes upon treatment were identified. Briefly, antigens were spotted in replicates of six, the microarrays were blocked for 1 h at 37°C with 1% bovine serum albumin, and incubated for 2 h at 37°C with a 1:200 dilution of the test serum in blocking buffer. The arrays were then washed and incubated for 45 min at 37°C with a 1:500 dilution of detection antibodies: a goat antimouse IgG Cy3-conjugated antibody or a goat antimouse IgM Cy5-conjugated antibody (Jackson ImmunoResearch, West Grove, PA). The arrays were To compare the results from different arrays the raw data were normalized [15] and analyzed using the GeneSpring software (Silicon Genetics, Redwood City, CA). Antigen reactivity was defined by the mean intensity of binding to the replicates of that antigen on the microarray. To identify antibody reactivities that were consistently up-or downregulated following treatment with OKT3 the data were analyzed with the Wilcoxon rank-sum test, a nonparametric test robust to outliers. The multidimensional nature of the data produced by the antigen arrays results in an increased probability of picking up "false positives", this is controlled by using a False Discovery Method [18] . We used the Benjamini and Hochberg false discovery method with a p value of 0.2 to determine significance [18] . To identify antibody reactivities that show a similar behavior in response to OKT3 administration we used a hierarchical clustering method. The hierarchical clustering we performed using a pairwise average linkage algorithm based on Pearson's correlation as a distance measure [18] .
Statistical analysis Differences were analyzed using Student's t test. When there were more than two groups used for comparison, differences were analyzed by the one-way analysis of variance test. p values<0.05 were considered to be significant.
Results
Safety of oral OKT3 and GC The treatment was well tolerated by all subjects and no systemic effects were observed at any doses including changes in vital signs (temperature, pulse, blood pressure), and liver, kidney or hematologic measures (complete blood counts including differential), during treatment or follow-up (30 days post treatment). The oral OKT3 did not cause any GI symptoms such as diarrhea constipation, or irritable bowel disease.
Effect of oral OKT3 on cell surface CD3, lymphocyte count, and proliferation Unlike what has been reported for treatment with IV anti-CD3 (which is given at a dose of 5 mg per day for 5 days), we observed no decrease in the CD3+ lymphocyte count or modulation of CD3 from the T cell surface Fig. 3 . In addition, no subject developed anti-OKT3 (HAMA) antibodies. As shown in Fig. 4 , we observed an increase in proliferation to anti-CD3 stimulation on day 5 that reverted to baseline by day 10. Figure 4 shows the proliferative responses in the three subjects that received 1.0 mg OKT3 orally (p<0.001) for day 5 vs. 0, and p<0.0013 for day 10 vs. 5). No significant differences in proliferation were observed in subjects dosed with 0.2 mg or 5.0 mg of OKT3. No additional effects were observed in the GC-treated groups.
Despite the increase in proliferation on day 5, Th1 and Th17 cytokine secretion was reduced by 43% and 41%, respectively, in the supernatants on day 5 and remained reduced on day 10. As shown in Fig. 5 , we observed decreases in IFN-γ (p<0.004 days 5 or 10 vs. 0) and IL-17 (p<0.0044 for days 5 or 10 vs. 0). We observed a trend for an increase of IL-13 and TGF-β on days 5 and 10 but these changes were not statistically significant. We observed no significant changes in proliferation or cytokine production PBMCs were stimulated with anti-CD3 (5µg/ml) for 48 h and cytokine production was measured in culture supernatants using ELISA. Results are presented for the group (n=3) fed with 1.0 mg of OKT3. IFN-γ and IL-17 secretion was decreased by 43% and 41% respectively, on days 5 and 10. Graphs show mean±SD of the three subjects in untreated subjects evaluated at the same schedule and no additional effects in GC-treated subjects. These results demonstrate that OKT3 is biologically active when given orally and decreases the pro-inflammatory profile as measured by IFN-γ and IL-17.
Oral OKT3 increases IL-10/TGF-β and decreases IL-23 and IL-6 expression in dendritic cells
To investigate the effect of oral OKT3 on the innate immune system, we measured the expression of IL-10, TGF-β, IL-23, and IL-6 in dendritic cells by rtPCR. As shown in Fig. 6 for the subjects dosed with 1.0 mg OKT3, we observed an increase in IL-10 and TGF-β (p<0.005 for days 5 or 10 vs. 0). An opposite pattern was observed for IL-23 and IL-6 where we observed a decrease in IL-23 expression (p=0.006) and IL-6 expression (p=0.005) for days 5 or 10 vs. 0. No significant changes were seen in the 0.2-and 5-mg dose groups. In the 1-mg OKT3+GC-treated group, we also found increased expression of IL-10 and TGF-β in DCs which was more apparent in day 5 than in subjects with OKT3 (p<0.005 for day 5 vs. 0; Fig. 7 ). This is consistent with reports that glycolipids affect the function of DCs [19] [20] [21] [22] . We observed no significant changes in DC cytokine profiles in the untreated subjects evaluated at the same schedule. These results demonstrate that oral OKT3 affects the antiinflammatory profile of DCs.
Effect of oral OKT3 on T cell regulatory markers We measured immunophenotypic markers associated with regulatory T cells, including CD25hi, Foxp3 and CTLA4. We found a significant increase (p<0.005) in Foxp3 expression on CD25hi cells as measured by MFI (Fig. 8a ) on day 5. Similarly, CD25hi CTLA4+ cells MFI increased on day 5 (Fig. 8b) . We also found an increase in the expression of TGF-β on CD25int/lo T cells ( Fig. 8c ; p< 0.005 for day 5 vs. 10) and an increase in CD8+CD25+ cells (Fig. 8d ). We were unable to perform functional studies due to limits in cell numbers. No significant changes in regulatory T cell markers were observed in the untreated subjects evaluated at the same schedule. In animals, induction of regulatory T cells is the primary mechanism by which oral anti-CD3 suppresses disease. Although our phenotype data suggests induction of regulatory T cells in humans, demonstrating that oral anti-CD3 induces functional regulatory T cells in humans will require further studies. Of note, we did not observe changes in the surface expression of CD40, CD80, CD83, CD86, HLA-DR, or LAP in subjects orally administered OKT3. 
Effect of Oral OKT3 on Antigen Arrays
Antigen microarrays constitute a new tool for the study of the immune system in health [15, [23] [24] [25] and disease [26, 27] . We used an antigen microarray containing a broad panel of antigens (n=550) that included self and non-self proteins, heat shock proteins, and infectious agents to investigate the effects of oral OKT3 on the immune repertoire. We measured both increases and decreases of immunoglobulin reactivities. Figure 9a shows that treatment with OKT3 resulted in a dose-dependent change in the T-cell-dependent IgG repertoire. Minimal changes were observed at the 0.2-mg dose (only four reactivities affected) whereas at 1.0 mg, 37 IgG reactivities were affected and at 5.0 mg, 65 IgG reactivates were affected (Fig. 9a) . At the 1.0 mg dose there was an equal number of down-regulated (n=19) as up-regulated (n=18) reactivities, whereas at the 5-mg dose, more up-regulated reactivates were observed (47 vs. 18). Figure 9b shows a heatmap of changes in the IgG repertoire following oral administration of 1.0 mg OKT3 in the three individual subjects. No changes occurred in the IgM repertoire. The changes we observed affected a range of reactivities. We did not perform antigen assays in subjects that received OKT3 plus GC.
Discussion
Intravenous administration of monoclonal antibodies is used as therapy in human disease conditions [2] [3] [4] . We have shown in animal models that oral anti-CD3 is biologically active and suppresses autoimmunity by affecting immune responses [5] [6] [7] [8] . To our knowledge, a monoclonal antibody has not been previously administered orally to human subjects. We thus addressed the question of whether oral anti-CD3 given to humans would affect the immune response and whether any toxicity would occur. To test this, we chose to administer OKT3, a murine monoclonal antibody. Based on our animal studies, we hypothesized that even though IV OKT3 given to humans is associated with systemic side effects and development of human anti-mouse responses (HAMA) that this would not occur when OKT3 was given orally. This indeed was the case even when we gave an oral dose of OKT3 (5 mg/dose for 5 days) that was identical to the intravenous dose. We did not observe OKT3 antibody in the blood which is consistent with animal studies in which we demonstrate that oral anti-CD3 acts locally in the gut-associated lymphoid tissue and does not enter the systemic circulation [5, 6] . Consistent with this, we did not observe a decrease of CD3+ T cells in the blood or modulation of CD3 from the cell surface. Furthermore, we observed no HAMA responses 30 days post oral OKT3 at any of the doses tested. The induction of immune regulation via the oral route is dose-dependent. This has been shown for orally administered antigens [28] and we found similar results for oral anti-CD3 in animals [5] [6] [7] [8] . Thus, in animals, the induction of regulatory T cells following oral anti-CD3 is seen at lower, rather than higher doses. A major question in humans is whether a similar dose-dependent effect exists and if so, could one identify a dose that induced regulatory T cells in humans. To address this, we dosed normal human subjects with 0.2, 1.0, and 5.0 mg oral OKT3. Although there were only three subjects per group, we found that the 1.0-mg dose was the most consistent in inducing an antiinflammatory profile and reducing the pro-inflammatory profile of immune responses, even though some immune effects were observed at all doses fed. Thus, there were effects observed at the 0.2 and 5 mg doses, but they occurred in individual patients, not in the group as a whole.
This resulted in few statistically significant effects observed at the 0.2-and 5-mg doses when all subjects treated at those doses were evaluated. The presence of a dose effect was further demonstrated in our antigen array studies.
The immune effects we observed were seen in most instances after 5 days of dosing, though in some instances effects were only observed at 10 days. In some cases (e.g., proliferation), a clear effect was observed at day 5, which was gone by day 10, demonstrating that the immune effect was linked to the time the OKT3 was administered. Further studies are now required to determine whether prolonged administration of oral OKT3 will have longer lasting effects on the immune system.
One of the major avenues being pursued for the treatment of autoimmune diseases such as multiple sclerosis is the induction of regulatory T cells and the development of therapy to decrease production of inflammatory cyto- int/low T cells. Expression of surface markers on peripheral lymphocytes was measured using flow cytometry on days 0, 5, and 10 in subjects treated with 1.0 mg OKT3 orally (n=3) kines such as IL-17 [29] . We observed such effects in oral anti-CD3 treated subjects. Specifically, we observed decreased production of IL-17 and IFN-γ, and an increase in cells expressing markers for Tregs (Foxp3, CTLA4, TGFβ) following oral OKT3, although we were unable to perform functional assays of suppression.
Immune effects following oral OKT3 were not only observed in T cells, but occurred in dendritic cells as well. It is well recognized that dendritic cells play a central role in immune responses and that there is cross talk between T cells and dendritic cells [30, 31] . For example, we have shown that TGF-β secreting T cells can condition dendritic [32] . Gut dendritic cells preferentially induce TGF-β-secreting T cells and dendritic cells from the bronchial mucosa preferentially induce IL-10 secreting T cells [33] . Therefore, we measured expression of TGF-β, IL-10 and IL-23 in dendritic cells after oral OKT3. IL-23 is a proinflammatory cytokine that is increased in dendritic cells from patients with multiple sclerosis [34, 35] . We found an increase in the dendritic cell expression of IL-10 and TGF-β, and a decrease in dendritic cell expression of IL-23 and IL-6 following oral administration of 1 mg OKT3. We do not believe that oral OKT3 is working via Fc receptors on dendritic cells, as in animal models we obtain similar results when we mucosally administer Fab'2 fragments [8] .
Adjuvants play an important role in mucosal tolerance by altering the type of Tregs induced via skewing of immune function of DCs, or by changing the cytokine milieu and signaling in the mucosa [20] . β-glycosphingolipids can alter the function of both NKT and DCs [19, 21, 22] . However, we did not find that administration of GC in combination with OKT3 significantly enhanced the effect we observed when OKT3 was given alone. Like OKT3, we observed no side effects or HAMA responses in subjects given OKT3 plus GC.
In addition to conventional immune measures, we tested the effect of oral OKT3 using antigen arrays and we found a clear dose-dependent effect when we tested IgG reactivity using antigen arrays. It is known that healthy individuals have endogenous reactivity to a wide range of proteins and we found that these patterns were affected by oral OKT3 and that some of the changes persisted for as long as 30 days. The effects were restricted to the IgG repertoire, but not IgM repertoire. The IgG repertoire is T-celldependent whereas the IgM reportoire is not. Thus, our results are consistent with the fact that oral OKT3 targets T cell function. Although the results we obtained with antigen arrays were not related to specific reactivities, they demonstrate a clear biologic effect on the immune system and provide the basis to test antigen arrays directed against specific disease associated proteins if oral OKT3 is tested in subjects with diseases such as lupus erythematosus and multiple sclerosis.
In summary, even though the number of patients tested per dose was small (n=3) we have shown that oral administration of OKT3 in humans is safe over the short term and affects the immune system as measured by proliferation, cytokine secretion by T cells, T cell surface markers, and dendritic cell phenotype. We believe the effect we observe with oral anti-CD3 is initiated by the activation of Tregs in the gut-associated lymphoid tissue. Studies in humans using IV anti-CD3 have for the most part not measured the same parameters we report here (viz., IFN-γ and IL-17 production, changes in dendritic cells). The immune effects reported for IV anti-CD3 in humans include modulation of CD3 from the cell surface, deletion of T cells, and in some instances, re-emergence of regulatory T cells, which are CD8+. We did not observe modulation of CD3 from the cell surface or deletion of T cells. We observed a change in CD8+ T cells, though not as pronounced as observed with IV anti-CD3 and we did not measure functional characteristics of these cells. To our knowledge, this is the first demonstration of the effects of orally administering a monoclonal antibody to human subjects. Given that oral anti-CD3 clearly affects animal models of autoimmunity, the current human study provides the basis to initiate oral dosing of OKT3 in human subjects with autoimmune disease to determine if similar immunologic effects are observed.
